ABSTRACT: Phosphatidic acid and lysophosphatidic acid are minor but important anionic bioactive lipids involved in a number of key cellular processes, yet these molecules have a simple phosphate headgroup.
Phosphatidic acid (PA) 1 and the related lipid lysophosphatidic acid (LPA) are important minor lipid species in the cell. They are involved in many intracellular processes, and are important intermediates in lipid biosynthesis (1) . For example, binding of LPA to its receptors evokes various cellular responses, and the local formation of (L)PA is part of signaling cascades, in particular in the regulation of membrane dynamics such as fusion and fission events, either indirectly through the recruitment of downstream effectors or directly by mediating (local) changes in the biophysical properties of the membrane (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) .
PA and LPA have a relatively simple chemical structure consisting of only a glycerol, one (LPA) or two (PA) acyl chains, and a phosphate, and it is interesting to note that these simple phospholipids are involved in such diverse processes, and are able to bind specifically to so many different types of proteins (3, 13) . The question then is what is so special about these lipids. An obvious suggestion relates to the phosphate headgroup, which is attached to the glycerol backbone as a phosphomonoester, a unique feature of these lipids. Phosphomonoesters have two pK a 's, one of which is expected to be in the physiological pH range. As a consequence, small changes in (physiological) pH will affect the charge and influence the molecular shape and lipid phase behavior of these lipids (14, 15) . Under physiological conditions at neutral pH, phosphatidic acid is a cone (type II)-shaped lipid with a negative spontaneous curvature close to that of unsaturated phosphatidylethanolamine (PE), whereas LPA is an inverted cone (type I)-shaped lipid with the most positive spontaneous curvature of any membrane lipid measured to date (11, 12) . Lipid headgroup charge not only is a key determinant of the molecular shape of (L)PA but also is expected to greatly influence interactions with neighboring lipids and (L)PA-binding proteins. Clearly, insight into the charge of (L)PA and the way this charge is influenced by physiological factors such as pH and membrane lipid composition is essential to our understanding of the biological roles of PA and LPA.
We therefore set out to determine the charge on (L)PA in model membrane systems that are relevant to biological membranes. Lipid headgroup charge cannot easily be determined by pH-dependent phase transition studies, surface potential measurements, or traditional acid-base titration methods since these methods are indirect or hampered by difficulties and uncertainties in data analysis (16, 17) . However, because the hydroxyls on (L)PA are close to the phosphorus nucleus (protons separated from the phosphor by only an oxygen), their ionization will influence the magnetic properties of this nucleus, which can be measured by 31 P NMR as a pH-dependent chemical shift in highresolution 31 P NMR spectra. However, 31 P NMR spectra of extended bilayers are characterized by broad lines due to the large chemical shift anisotropy, which masks pHdependent changes in chemical shift. To circumvent this problem, earlier studies made use of small unilamellar vesicles (SUVs) and micelles in which the phospholipids undergo rapid isotropic motion, thereby giving rise to highresolution 31 P NMR spectra (18) (19) (20) . A disadvantage of these systems is their high curvature, which is not typical for biological membranes. With the advance of magic angle spinning (MAS) NMR, it is now possible to directly measure the chemical shift of phospholipids in biologically more relevant extended bilayer systems (21) . We used this technique to determine the ionization of PA and LPA in extended bilayers composed of the abundant membrane phospholipids PC (phosphatidylcholine), PE, and their mixtures.
We show that titration curves can be measured using MAS 31 P NMR and that pK a1 and pK a2 (and thus charge) can be determined with high accuracy. We find that, despite identical phosphate headgroups, LPA has a significantly lower pK a2 value than PA in pure PC, indicating that LPA carries more negative charge than PA at physiological pH. In mixed lipid bilayers of PC and PE, the pK a2 of LPA and PA decreases with an increase in PE content, and therefore depends critically on the composition of the surrounding zwitterionic lipids, i.e., the PC:PE ratio. A unifying mechanism will be proposed to explain these findings based on unique hydrogen bonding possibilities of the phosphomonoester headgroup.
MATERIALS AND METHODS
Sample Preparation. 1,2-Dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE), 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), 1,2-dioleoyl-sn-glycero-3-phosphate (monosodium salt; DOPA), 1,2-dioleoyl-sn-glycero-3-phosphoserine (sodium salt; DOPS), 1-oleoyl-sn-glycero-3-phosphate (sodium salt; LPA), and 1-oleoyl-sn-glycero-3-phosphocholine (LPC) were purchased from Avanti Polar Lipids (Birmingham, AL). 1-Oleoyl-3-(phosphoryl)propanediol (dehydroxy-LPA) was synthesized as reported previously (22) . Lipid purity was checked by thin-layer chromatography and judged to be >99%. Water used in the experiments came from a Milli-Q system (Millipore, Bedford, MA) and had a resistivity of 18.2 MΩ cm.
NMR samples, for pH titration purposes, were prepared by mixing appropriate amounts of lipid stock [concentration determined by a P i determination (23) ] from chloroform and methanol, subsequently dried under a stream of N 2 , and placed under high vacuum overnight. Samples were hydrated using an appropriate buffer. The following buffers were used: 100 mM KCl-HCl for pH 1.5-2.5, 10 mM Hepes, 20 mM Mes, 30 mM citric acid-NaOH, and 100 mM NaCl for pH 2.5-7.5, 50 mM Tris-HCl and 100 mM NaCl for pH 7.5-9.0, or 50 mM glycine-NaOH and 100 mM NaCl for pH 9.0-10.5. Each contained 2 mM EDTA to complex any traces of divalent cations. The samples were then subjected to a minimum of two freeze-thaw-vortex cycles, after which the pH of the samples was measured. This pH, measured after lipid hydration, was used to construct the pH titration curves. NMR samples for measurement at constant pH were prepared as described above and hydrated with a buffer containing 100 mM Hepes, 5 mM acetic acid-NaOH, 100 mM NaCl, and 2 mM EDTA (pH 7.2). After hydration, the pH of these lipid dispersions was found to be generally within 0.05 pH unit of pH 7.2; in some cases, the pH was adjusted by the addition of NaOH or HCl to come within this range. The lipid dispersions were concentrated in a tabletop centrifuge (70 000 rpm for 45 min at room temperature), and the (wet) lipid pellet was transferred to 4 mm TiO 2 MAS NMR sample tubes.
NMR. 31 P NMR spectra were recorded on a Bruker Avance (Karlsruhe, Germany) 500 widebore spectrometer at 202. 48 MHz, using a 4 mm cross-polarization (CP) MAS NMR probe. Samples were spun at the magic angle (54.7°) at 5 kHz to average the chemical shift anisotropy, and the chemical shift position of (L)PA was recorded relative to 85% H 3 PO 4 . Under stable spinning conditions, typically 100-1000 scans were recorded depending on the amount of lipid recovered in the pellet. Static spectra were recorded by the spin-echo technique with proton decoupling in a 4 mm CP MAS NMR probe to check the lipid phase of the samples, where appropriate. Experiments were carried out at 20.0 ( 0.5°C.
Determination of pK a Values. The pK a values for (L)PA were determined by using a relation derived from the Henderson-Hasselbach equation (24) and a nonlinear leastsquares fit.
δ AA , δ AB , and δ BB are the chemical shifts of the associated, singly dissociated, and doubly dissociated state, respectively. δ is the measured chemical shift. pH is the log of the measured hydrogen concentration, and pK a1 and pK a2 are the dissociation constants.
In cases where only the top part of the titration curve was measured (pH 4-10), the data were fitted with a modified equation now containing only one dissociation constant (24) :
Note that this barely influences the determination of the second pK a of (L)PA. Fitting the data for a full titration curve [e.g., (L)PA in DOPC] over this pH range (4-10), using eq 2 instead of eq 1, did not change the value of pK a2 by more than 0.2% (data not shown).
RESULTS

MAS
31 P NMR was used to measure the dissociation constants of PA and LPA present at low concentrations in dispersions of PC and PE. The phospholipids used in this study contained unsaturated (oleoyl, 18:1) chains since these
pH-pK a2 1 + 10 pK a1 -pH + 10 pH-pK a2
(1)
give rise to fluid bilayers representative of biological membranes. All experiments were carried out in 100 mM salt to mimic physiological conditions, and all measurements were recorded at 20°C to eliminate temperature effects on ionization and 31 P chemical shift.
Dissociation Constants of (L)PA in PC Bilayers.
We first determined the dissociation constants of LPA and PA in PC bilayers. Figure 1 shows representative MAS 31 P NMR spectra for 10 mol % LPA in DOPC as a function of pH. The individual peaks of LPA and PC are well resolved as the minor low-field peak and the large high-field peak, respectively. The pH-dependent protonation of the phosphate headgroup resulted in a large downfield shift of the LPA peak. The titration behavior indicated the presence of two pK a s, as anticipated for this phosphomonoester headgroup. The nearly constant position of the PC peak demonstrates that the charge on the phosphate group of PC did not change, according to the expectation for this zwitterionic headgroup (17) . A similar behavior was found for the position of the LPC and PE peak in the PE/LPC bilayer (see below), except that the PE peak moved slightly to downfield values at high pH (pH >9.0), reflecting the onset of deprotonation of the primary amine of the PE headgroup (data not shown). At very low pH values, a third minor (<1-2%) peak downfield of LPA was present due to a small amount of lipid hydrolysis at this very low pH. Similar spectra as a function of pH were recorded for 10 mol % PA in DOPC (spectra not shown).
The chemical shifts of LPA and PA were plotted as a function of pH to yield the titration curves shown in Figure  2 . The double-sigmoidal shape of the titration curves reflects the sequential dissociation of two protons from the phosphate headgroup. The first dissociation occurs at very low pH (2 < pH < 4), whereas the second dissociation occurs in a more physiological pH range (6 < pH < 9). The actual pK a 's were determined as described in Materials and Methods, and the results are given in Table 1 . These data show that pK a 's and in particular the more physiologically relevant pK a2 can be determined with high accuracy in extended bilayers using MAS 31 P NMR. Interestingly, despite identical phosphomonoester headgroups, the pK a2 of PA is 0.45 pH unit higher than that of LPA in a PC bilayer. This charge difference between LPA and PA was maintained in the presence of physiological concentrations of Mg 2+ (free Mg 2+ concentration of ∼1 mM; data not shown). Although Mg 2+ increased the charge of both LPA and PA, most likely by decreasing the proton concentration at the membrane interface, both lipids were affected to the same extent, and a substantial difference in charge between PA and LPA remained. The striking difference in ionization between PA and LPA must be related to the chemical structure of the backbone, all other conditions being the same [i.e., lipid background, (L)PA concentration, and ionic strength]. Therefore, we determined the titration behavior of a LPA compound lacking the free hydroxyl group at the sn-2 position of the glycerol backbone (dehydroxy-LPA). The dissociation behavior of dehydroxy-LPA was essentially identical to that of PA (see Figure 2 and Table 1 ), demonstrating that the hydroxyl group of the LPA backbone is responsible for the difference in ionization behavior between LPA and PA. The difference in ionization behavior between LPA, on one hand, and dehydroxy-LPA and PA, on the other hand, could potentially be related to a difference in the orientation of the headgroup. To examine this possibility, we determined the residual chemical shift anisotropy of LPA and dehydroxy-LPA (10 mol % in DOPC at pH 7.2) and found it to be very similar (data not shown). This result indicated that the conformation of dehydroxy- a The PE bilayer system contained 25 mol % LPC to force PE into a bilayer organization (for details, see the text). The LPA, PA, and dehydroxy-LPA content was 10 mol % in all systems except for the PE hexagonal phase, where the LPA content was 5 mol %. b Not determined.
LPA is close to that of LPA, and strongly suggested that the difference in ionization behavior was not related to a difference in the orientation of the headgroup but to a property of the hydroxyl group at the sn-2 position of LPA.
Dissociation Constants of (L)PA in Bilayers and the Hexagonal H II Phase of PE. Another major cellular membrane phospholipid is phosphatidylethanolamine (PE). PE is zwitterionic, like PC, but its headgroup is much smaller and carries a protonatable primary instead of a nonprotonatable quaternary amine. To test whether PE affects the protonation behavior of (L)PA, we first designed an experimental system rich in unsaturated PE, but organized in a bilayer. Aqueous dispersions of dioleoyl-PE do not form bilayers at room temperature but prefer organization in an inverted H II phase due to the cone shape of this PE [bilayer to inverted hexagonal, L R -H II , phase transition temperature of ∼3°C (25, 26) ]. However, bilayers are formed if an appropriate amount of lysoPC (LPC) is added to complement the cone shape of PE (11, (27) (28) (29) .
A low-field shoulder and a high-field peak characterize static 31 P NMR spectra of lipid mixtures organized in a fluid bilayer (30) . Mixtures of 65 mol % PE, 25 mol % LPC, and 10 mol % LPA or PA were analyzed over a range of pH values (4.0 < pH < 10.5), and the 31 P NMR spectra confirmed an organization in fluid lipid bilayers over the complete pH range (Figure 3B,D) . Occasionally a minor peak was present at the isotropic position (around 0 ppm), most likely originating from small vesicles. These PE/LPC bilayer systems were used for MAS NMR analysis, and will be termed "PE bilayer" throughout the rest of this paper. Results are shown in panels A and C of Figure 3 for LPA and PA, respectively (black lines); for comparison, the titration curves of (L)PA in a PC bilayer are also shown (gray lines). When the PE bilayer system is compared to the PC bilayer system, the titration curves for both LPA and PA are clearly shifted to lower pH values. This is reflected in the pK a2 for (L)PA that is significantly lower in the PE bilayer than in the PC bilayer (Table 1) . Interestingly, the dissociation constants (pK a2 ) of LPA and PA in this PE bilayer are now identical within experimental error (Table 1) . These data clearly demonstrate that the charge on PA and LPA in extended bilayers is sensitive to the lipid composition. The observed effect of lipid composition on the ionization of (L)PA may be due either to a difference in lipid packing or, more likely, to a difference in the chemical properties of PC and PE.
To gain further insight into these possibilities, we determined the dissociation constants of (L)PA in a pure DOPE matrix which is organized in a hexagonal H II phase at 20°C
. Also, in the presence of 5 mol % LPA [a type I lipid (12)], a hexagonal phase was formed as determined by broad line 31 P NMR (data not shown). Titration curves for 5 mol % LPA and 10 mol % PA in a PE hexagonal phase were recorded by MAS 31 P NMR. The chemical shift position of the PE peak was virtually constant except at high pH, where it moved slightly to downfield values similar to what was observed in the PE bilayer system (data not shown). From the titration behavior of (L)PA, the dissociation constants were determined, and the results are given in Table 1 . The pK a2 of PA is higher than that of LPA in the PE hexagonal phase, similar to the situation observed in the PC bilayer. Importantly, the pK a2 for (L)PA in the PE hexagonal phase is close to that found for (L)PA in the PE bilayer, but clearly deviates from that in PC bilayers, suggesting that indeed a difference in chemical properties between PE and PC is responsible for the different titration behavior of (L)PA in PE compared to PC. Since lipid packing is very different in a bilayer and H II phase (31), lipid packing apparently does not have a major effect on the ionization of (L)PA. The difference in the behavior of the PC and PE bilayer must thus be due to differences in their headgroup.
Headgroup Charge of (L)PA as a Function of PC:PE Ratio. To gain further insight into this headgroup specificity, we measured the 31 P chemical shift of 10 mol % (L)PA in extended bilayers containing PC and PE at physiological pH (pH 7.2), while varying the PC:PE ratio. Figure 4A shows representative MAS 31 P NMR spectra for LPA-containing samples, and the chemical shift positions of LPA, PE, and PC were clearly resolved (as indicated in Figure 4A ). Indeed, an increase in PE concentration (decrease in PC concentration) resulted in a large downfield shift of the LPA peak corresponding to an increase in the charge for the LPA headgroup. These results are quantified in Figure  4B , which also includes a similar titration curve for PA. The 31 P chemical shift of (L)PA is plotted as a function of the PC:PE ratio, and the value of the chemical shift for LPA and PA in the pure PC bilayer is indicated by the dashed and dotted asymptotes, respectively (infinite PC:PE ratio). The large downfield change in the chemical shift of both LPA and PA shows that the ionization of (L)PA is indeed strongly enhanced with an increase in PE content (decrease in the PC:PE ratio).
It is well-known that intracellular membranes vary greatly in lipid composition with a large difference in the PC:PE ratio, in particular between the cytoplasmic and luminal leaflet of the Golgi membrane, and between the ER and cytoplasmic leaflet of the plasma membrane (32) . To examine whether the charge on (L)PA varies between physiologically relevant phospholipid compositions, we measured the chemical shift of PA at physiological cytosolic pH (pH 7.2) for phospholipid mixtures mimicking the ER and cytoplasmic leaflet of the PM. At these locations, (L)-PA is involved in lipid synthesis and signaling. Lipid compositions are based on those of rat liver ER and plasma membrane (33) , assuming a symmetric transbilayer lipid distribution for the ER, and an asymmetric transbilayer distribution in the plasma membrane identical to that of human erythrocytes (34) . Minor lipids at these locations such as sphingomyelin and phosphoinositides were not included in these mixtures. The lipid mixtures mimicking the cytoplasmic leaflet of the PM and the ER membrane had PC: PE:PS:PA molar ratios of 1:2:2:0.26 and 3:1:0.7:0.25, respectively. Figure 5A shows representative MAS 31 P NMR spectra, with PC, PE/PS, and PA peaks indicated. The chemical shift position of PA in the PM lipid mixture is shifted downfield by ∼0.7 ppm as compared to its position in the ER lipid mixture, supporting the hypothesis that the PC:PE ratio is a major determinant of PA charge.
The relation between the chemical shift difference and the PE content of the two samples was somewhat masked by the differences in PS content. PS as an anionic lipid will increase the proton concentration at the membrane interface, which in turn will affect the ionization of PA. Figure 5B indeed shows the expected PS dependence of the chemical shift of PA but also demonstrates that at a constant PS concentration, ionization of PA is strongly PE dependent.
In a similar experiment, the effects of cholesterol were examined (data not shown). At a high PE content (PC:PE molar ratio of 0.5), 20 mol % cholesterol had virtually no effect on the ionization of PA. At low PE concentrations (PC:PE molar ratio of 2), cholesterol induced a larger increase in the negative charge of PA, but the effect was small compared to that induced by PE (<50% of the chemical shift induced by adding 20 mol % PE to the same PC/PE mixture). Thus, the PC:PE ratio is a major determinant of PA charge, while cholesterol has only a weak effect on the ionization of PA.
DISCUSSION
In this study, we have determined by MAS 31 P NMR the dissociation constants of LPA and PA in bilayers of the zwitterionic phospholipids PC and PE. The second pK a of LPA, which falls in the physiological range, was found to be lower than that of PA, and we showed that it is the free hydroxyl on the LPA backbone that is responsible for this difference in ionization behavior. Furthermore, the degree of ionization of both LPA and PA was found to depend strongly on bilayer lipid composition, i.e., the PC:PE ratio, of the membrane. These data will be discussed in terms of the unique hydrogen bonding possibilities of the phosphomonoester headgroup of (L)PA.
First, we will briefly discuss the factors influencing phospholipid ionization (for more comprehensive reviews, see refs 16, 17, and 35) . Phospholipid protonation in a bilayer membrane deviates from that of the free molecule in solution. The main reason for this difference is the membrane-water interface. Protonation depends on the local pH at this interface, and this (intrinsic) pH can be dramatically different from that found in solution. Introducing an overall negative charge in the membrane, for instance, by incorporating PS, increases the proton concentration at the lipid-water interface by attracting protons from the bulk solution, thereby lowering the intrinsic pH and increasing the apparent pK a of a protonatable group. Similarly, the presence of a positive charge, as, for instance, found in the zwitterionic lipid PC, increases the local pH at the lipid headgroup and decreases the apparent pK a of the phosphate of the same molecule. Indeed, PS decreases the charge of PA as shown in Figure  5B , and the pK a of the phosphate of PC is well below that of the first pK a of (L)PA as shown in Figure 1 .
The pK a of a protonatable group can also be affected by the formation of hydrogen bonds. A proton that is participating in a hydrogen bond will dissociate less easily, resulting in a higher pK a for the protonatable group (36) (37) (38) .
Ionization BehaVior of LPA and PA in Extended Phospholipid Bilayers. The dissociation constants of 10 mol % PA and LPA were measured in a PC bilayer. Interestingly, we find that the second pK a differs significantly between the two lipids, despite identical headgroups. The pK a2 of LPA is 0.45 ( 0.06 pH unit lower than that of PA.
This difference in dissociation constant must be due to an intrinsic difference between PA and LPA, and we provided direct evidence that the hydroxyl group at the sn-2 position of the backbone of LPA is responsible for this difference (see Figure 2) . How is this hydroxyl group able to lower the second pK a of LPA with respect to PA? This is most likely not due to a difference in headgroup orientation. The residual CSAs, a measure of lipid order and dynamics, of LPA and dehydroxy-LPA are similar, suggesting that the conformation of the headgroup in dehydroxy-LPA is close to that in LPA. In support of this, the orientation of the glycerol backbone in LPA and a dehydroxy-LPA-related compound (acyl chain attached via an ether instead of an ester linkage) was found to be nearly identical [but very different from that of PA (39) (40) (41) ]. Instead, we propose that the difference in ionization of LPA and PA is the result of an intramolecular hydrogen bond between the 2-hydroxyl and the deprotonated headgroup in LPA. Such a hydrogen bond is indeed observed in the LPA crystal structure (40) . Apparently, this intramolecular hydrogen bond is a special feature of LPA that is preserved in excess water. Intramolecular hydrogen bonds are known to influence the (de)protonation behavior of phospholipids. Haines and co-workers showed for cardiolipin (CL; see Figure 6A ) that the pK a 's for the two hydroxyls in the headgroup of CL are not identical (37, 42) . The authors also showed that this is due to the hydroxyl on the glycerol connecting the two phosphates of CL, and proposed that as soon as one of the two hydroxyls has dissociated its proton it is able to form a hydrogen bond network (see Figure 6A) , which stabilizes the proton on the other hydroxyl. In analogy to CL, we propose that at near-physiological pH both PA and LPA are able to form an intramolecular hydrogen bond between the deprotonated and protonated hydroxyl of their phosphomonoester headgroup ( Figure 6B ), a feature unique to the phosphomonoester. This intramolecular hydrogen bond stabilizes the second proton of the phosphomonoester and would therefore increase pK a2 . However, LPA also has the possibility to form an intramolecular hydrogen bond between the hydroxyl at the sn-2 position of its glycerol backbone and the deprotonated hydroxyl of the phosphomonoester headgroup ( Figure 6B ), destabilizing the second proton and resulting in a lower pK a2 (and a charge more negative than that of PA at the same pH). Indeed, the LPA compound lacking the hydroxyl at the sn-2 position, and thus unable to form this intramolecular hydrogen bond, behaves in a manner identical to that of PA. An important implication of this interpretation is that the phosphate of LPA is localized within hydrogen bonding distance of the hydroxyl at the sn-2 position of the glycerol backbone. This hydrogen bond model also provides an explanation for the other major observation in our study, namely, that PE facilitates deprotonation of (L)PA in a bilayer. As opposed to the quaternary amine of PC, PE carries a primary amine group that is able to efficiently donate protons to form hydrogen bonds (see Figure 6B) . Moreover, the headgroup of PE lies more or less parallel to the membrane surface (43) , and the positively charged amine is therefore uniquely positioned to interact electrostatically with the phosphate (when it is negatively charged) of the (L)PA headgroup bringing both sufficiently close in space to allow hydrogen bond formation. This intermolecular hydrogen bond will destabilize the intramolecular hydrogen bond within the phosphomonoester headgroup, and thus lower the second dissociation constant.
Our model also explains the observation that LPA and PA have essentially the same pK a2 in a bilayer rich in PE. The large amount of hydrogen bond donors provided by the amine group of PE will overrule the hydrogen bonding ability of the hydroxyl at the sn-2 position of LPA.
We also noticed a small contribution of lipid packing on the ionization of PA upon a change from the PE bilayer to the PE hexagonal phase, as indicated by a slight increase in pK a2 (see Table 1 ). We interpret this result in terms of curvature. Lipid headgroups in the hexagonal phase are more tightly packed than in a flat lipid bilayer due to the concave (negative) curvature of this lipid organization. This tighter headgroup packing is only possible at a lower PA charge, reducing the effective headgroup area. These results agree well with previous observations describing the effects of lipid packing on PA charge (20, 21) , and also explain the effects of cholesterol on the ionization of PA. Cholesterol has a negative spontaneous curvature close to that of DOPE (44) , and the small increase in the negative charge of PA that we observed in the presence of cholesterol can be explained by its effects on lipid packing. An alternative explanation, the formation of a hydrogen bond between the OH group of cholesterol and PA, is unlikely given the position of the OH group within the lipid bilayer. Instead, cholesterol appears to form a hydrogen bond with the carbonyl oxygen of the ester-bound acyl chains (45) ; similar hydrogen bonds have been suggested for the OH group of sphingomyelin (36) .
Biological Implications. The phosphomonoester headgroup of (L)PA with its unique intra-and intermolecular hydrogen bond capabilities is what makes these simple but key phospholipids so special. For example, our observation that LPA carries more charge than PA in a PC bilayer at the same (physiological) pH implies that the metabolic interconversion of these lipids by, for example, PLA 1 and PLA 2 (PA f LPA) or LPA acyltransferases (LPAATs) such as CtBP 3 /BARS and endophilin (LPA f PA) will affect local membrane charge if the membrane has a sufficiently high PC:PE ratio. This charge difference between LPA and PA is maintained in the presence of physiological (cytosolic) concentrations of Mg 2+ , and may well have important consequences for lipid and lipid-protein interactions. The intramolecular hydrogen bond between the headgroup of LPA and the hydroxyl on the glycerol backbone is also likely to contribute to specific recognition of LPA by LPA-binding proteins such as the LPA receptors.
In addition, our observation that the deprotonation of (L)-PA depends on the local PC:PE ratio and should thus be different in the different organelles of a eukaryotic cell may have important implications for (L)PA-protein interactions at these subcellular locations. The specific recruitment of downstream effectors to PA at a particular intracellular site might, in part, rely on the deprotonation behavior of PA at this site. In yeast, for example, the protein Opi1 is retained by PA at the ER and not elsewhere in the cell (46) , whereas Raf-1 kinase is specifically recruited by PA to the plasma membrane (47, 48) . Our data also imply that hydrogen bonds between PA and basic residues such as lysines and arginines in proteins probably play an important role in protein-lipid interactions. Indeed, we have strong indications for such hydrogen bonds in model membrane experiments (manuscript in preparation).
Finally, modulation of headgroup charge may be part of the mechanism by which (L)PA regulates biomembrane fusion and fission events. For example, PA formed in a budding transport carrier at the Golgi by CtBP 3 /BARS or diacylglycerol kinase will carry more charge in the cytoplasmic leaflet than in the luminal leaflet of the Golgi due to the large difference in the PC:PE ratio (∼8-fold lower in the cytoplasmic leaflet) and pH (∼7.2 at the cytoplasmic leaflet and ∼6.0 in the Golgi lumen). This would result in PA with more negative curvature in the Golgi luminal leaflet than in the cytoplasmic leaflet. If PA formed in the cytoplasmic leaflet would be able to translocate (49) to the luminal site, it might facilitate the fission of the budding transport carrier by CtBP3/BARS (11, 50, 51) . Thus, a defined charge of (L)PA at a particular (intra)cellular location, determined largely by the local PC:PE ratio, may be a key element of the action of (L)PA at that specific location, and regulate protein recruitment, activation, etc. Our observations on the unique ionization properties of LPA and PA may well be the basis of their special functions in the cell.
